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Two decades ago we reviewed contributions of investiga- 
tions based on neurological mutant mice to our under- 
standing of the development of cortical structures of the 
central nervous system (Caviness and Rakic, 1978). At 
the time, there was an air of optimism that such mutations, 
occurring at a single genetic locus, might enable a"genetic 
dissection" of molecular mechanisms of regulation of brain 
development. It was even imagined that spontaneous mu- 
tations in inbred strains of mice might match as analytic 
tools in developmental neurobioiogy the modified or se- 
lected genes in Drosophila. For students of cortical devel- 
opment, the autosomal recessive reeler mutation, mapped 
to chromosome 5 in mice (Falconer, 1951; Caviness and 
Sidman, 1972), was particularly promising for several rea- 
sons. First, it was associated with systematic patterns of 
neuronal malposition in virtually all cortical structures. 
Second, the abnormal patterns of neuronal position were 
essentially invariant despite variations in genetic back- 
ground and in the mutation itself (Caviness et al., 1972; 
see later Wilson et al., 1981). Third, the abnormal pattern 
appeared to be unassociated with death or degeneration 
of cortical neuron classes. Rather, it seemed to reflect an 
error in the specific molecular mechanisms through which 
cellular interactions govern pattern formation in the course 
of cortical histogenesis. The quest to elucidate the nature 
and mechanisms of such cellular interactions was then, 
and has remained, a central motivation in developmental 
neurobiology. 
In the intervening years, the high expectations inspired 
by reeler and other mutations in mice affecting develop- 
ment of the central nervous system have not been realized. 
Whereas research with mutations in invertebrates, such 
as fruitflies and nematodes, has penetrated ever more 
deeply into mechanisms of molecular regulation of histo- 
genesis, the yield from neurological mutant mice has been 
feeble. Both authors of the present review, among many 
other investigators, eventually abandoned work with mu- 
tant mice as a research strategy in developmental neurobi- 
ology. 
Now, nearly 20 years later, a set of three publications 
in recent issues of Nature, Nature Genetics, and Neuron 
signal a decisive assault upon the reelergene and promise 
to "jump start" investigations into the developmental neu- 
robiological role of its encoded protein. The achievements 
of these teams of investigators are substantial. The illusive 
reeler gene located on chromosome 5 has been decoded. 
This has led to inferences about the developmentally ac- 
tive properties of the encoded protein, and the spatial and 
temporal patterns of expression of the gene transcript 
have been mapped in the normal developing animal (D'Ar- 
cangelo et al., 1995; Hirotsune at al., 1995). Furthermore, 
the spatial and temporal patterns of distribution of a poly- 
peptide that is a plausible candidate for the product of the 
reeler gene have also been mapped in the normal embryo. 
Preliminary studies suggest that antibodies against this 
protein induce in vitro a class of anomalous cell reaggrega- 
tion patterns akin to that occurring in developing cortical 
structures of the mutant (Ogawa et al., 1995). 
The reeler Malformation: Development 
and Structure 
The cell pattern anomaly of reeler cortex and its develop- 
ment were already well characterized at the time of our 
previous review. As illustrated in Figure 1, the cerebral 
cortex in normal animals is built below the cerebral surface 
by the migration of neurons that are produced at the mar- 
gin of the cerebral ventricle: successively generated neu- 
rons migrate along radial glial guides and settle in an inside 
to outside order within the developing cortex (reviewed in 
Rakic, 1988). This implies that each successively gener- 
ated neuron must in turn bypass predecessors that mi- 
grated along the same glial fiber, before ultimately settling 
at the outermost level of the cortical plate just below the 
marginal zone (Figure 1). The initial observations in reeler 
were that migrating neurons come to populate densely 
and anomalously the normally sparsely populated cellular 
marginal zones of forebrain cortical structures, and that 
the positions of the major classes of neurons in the cere- 
bral cortex were inverted (Caviness et al., 1972). A subse- 
quent series of light, electron microscopic, and [3H]thymi- 
dine labeling studies in the early seventies established 
that corresponding neuronal classes arise and execute 
their migrations across the intermediate zone according 
to an identical schedule in normal and mutant animals. 
However, those in the mutant fail to find their proper "ad- 
dresses" within the radial dimension of the cortex (Figure 
1) (Caviness, 1982; Caviness et al., 1988; Derer, 1979; 
Goffinet, 1979). Thus, it appeared that the earliest neurons 
to complete their migrations in reeler ignore an "invisible 
barrier" at the interface of the marginal zone and cortical 
plate, while those arriving later fail at all radial cortical 
levels to bypass their postmigratory predecessors (Cavi- 
ness, 1982; Pinto-Lord et al., 1982). As a consequence, 
the earliest formed neurons come to lie most superficially, 
while the later formed neurons take up positions at succes- 
sively deeper cortical levels (Figure 1). 
This inversion in the final positions of sequentially gener- 
ated cells in reeler violates the inside to outside order of 
neurogenesis that has been considered a "biological ne- 
cessity" for normal cerebral cortical assembly in all spe- 
cies, including humans (Rakic, 1988; Sidman and Rakic, 
1973). The disordered developmental sequence in reeler 
Neuron 
1102 
+/+ 
MZ 
sP 
Iz 
IF 
rl/rl 
® 
® 
® 
Figure 1. Cartoon of the Mode of Neuronal Migration i  the Wild-Type 
and reeler Cortices 
In the embryonic erebral wall, one can recognize five basic cellular 
zones from the ventricular surface (bottom) to the pial surface (top)-- 
ventricular zone (VZ), intermediate zone (IZ), subplate zone (SP), corti- 
cal plate (CP), and marginal zone (MZ)--that do not have a counterpart 
in the adult. Note that migrating neurons move along radial glial fibers 
(RF), which span the full thickness of the cerebral wall and serve as a 
transient scaffolding for the developing cortex (Rakic, 1972). In normal 
animals (+/+), successively generated neurons (1-5) move all the way 
to the interface between the cortical plate and marginal zone, by- 
passing earlier generated cells. As a result, the fifth generation (5) 
occupies transiently the outermost position in the cortical plate, but 
will be displaced more deeply with the arrival of the next generation 
of migrating cells (6) at the interface. In the reeler mouse (did), by 
contrast, the first generation of cells that invades the cortex does not 
recognize the invisible border at the bottom of the marginal zone. 
Newly generated cells do not bypass their predecessors, but instead 
pile up below each other in the order of their arrival. Note the absence 
of the marginal zone (MZ) and lack of CR-50 immunoreactivity of the 
CajaI-Retzius cells (CR) in the reeler mouse. 
was taken as support for the hypothesis that molecular 
bonds binding migrating neurons to the shafts of radial 
glial fibers must be broken intracortically to allow the nor- 
mal ascent of the migrating cell within the cortical plate. 
It was imagined that these bonds were not broken in the 
reeler, with the consequence that migrating neurons were 
blocked in their transcortical ascent through their postmi- 
gratory predecessors (Pinto-Lord et al., 1982). 
Despite their anomalous positions, cortical neurons in 
the mutant were found to form all the major classes of 
afferent and efferent connections found in the normal ani- 
mal. These major classes of connections in reeler obeyed 
the principal rules of systems organization operating in 
normal development, whether considered from the per- 
spective of the topology of interstructure connectivity or 
the connections allowed between specific cell classes 
within brain structures (Caviness et al., 1988; Lemmon 
and Pearlman, 1981; Steindler and Colwell, 1978; Tera- 
shima et al., 1985). In terms of the fine details of cortical 
wiring diagrams, however, systems organization of corti- 
cal connections was found to be defective in reeler, re- 
flecting, perhaps, anomalies in the topography and tempo- 
ral sequencing of synaptogenesis (Steindler et al., 1994). 
The first description, in any species, of an anomalous to- 
pography of synaptic connections, as a circuitry correlate 
of a behavioral deficit and produced by mutation at a single 
gene locus, was based on electron microscopic analysis 
of the reeler cerebellar cortex (reviewed in Rakic, 1976). 
After all, the homozygous mutant was distinctive for its 
pronounced "reeling" gait. It was this behavioral feature 
that initially led to recognition of the mutant and inspired 
its name. 
Although the anomaly of cell position in the cerebral 
neocortex and cerebellar cortex in reeler had received the 
most attention, a series of investigations made it evident 
that the neuroanatomical deficit in this mutant is even 
more extensive, involving the hippocampal region, olfac- 
tory bulb, dorsal thalamus, tectum, and brainstem (Cavi- 
ness et al., 1988). The character of the anomaly in each 
of these separate regions was found to have its distinctive 
features. However, none of these investigations carried 
the level of analysis beyond characterization ofphenotype 
in terms of cell pattern and connectivity. The achievement 
did not approach a concept of disordered histogenesis in 
terms of its molecular mechanism and genetic regulation. 
The reeler Gene, Reelin, and CR-50 
The isolation strategy of D'Arcangelo et al. (1995) has ar- 
rived at a full-length cDNA, while that of Hirotsune et al. 
(1995) has identified a smaller fragment of the coding se- 
quence. The wild-type gene at the meier locus encodes 
a protein, now designated reelin (D'Arcangelo et al., 1995), 
of nearly 3500 amino acids that approaches a molecular 
mass of 400 kDa. The inferred structural attributes of this 
protein are literally streamed with flashing lights, signaling 
potential control mechanisms in cortical histogenesis. 
First is the critical discovery that there are no transmem- 
brane domains; reelin is probably a lipid-linked or secreted 
protein. In their detail, other attributes of the protein make 
plausible its histogenetic role as an extracellular protein. 
To review the more salient features, the first 500 amino 
acids are succeeded by a repeating sequence of eight 
EGF motif subdomains of 30 amino acids, where cysteine 
and tryptophan residues are rigorously conserved. These 
sequences also carry potential sites for N-glycosylation, 
amidation, xylosylation, and myristylation. The EGF-like 
motifs bear strong likeness to the extracellular matrix pro- 
teins, tenascin-C and tenascin-X, to restrictin, and to the 
integrin 13 chain family. There are, in addition, potential 
membrane lipoprotein-lipid ocking sites that may be at 
play in developing cortex (Sheppard et al., 1991 ; Bicknese 
et al., 1994). As if this were not enough, it also turns out 
that the amino-terminal region has a 25% amino acid se- 
quence identity with F-spondin. This latter protein is se- 
creted from cells of the spinal cord floor plate and has 
been implicated in mechanisms of adhesion and guidance 
of commissurating spinal axons (Klar et al., 1992). Thus, 
reelin may be a modified subclass of a broader family 
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of proteins that have evolved to suit cell-cell interactions 
during formation of laminar structures. 
Reelin is a developmentally regulated brain protein. 
Thus, its mRNA transcripts are expressed almost exclu- 
sively in the central nervous system, the spleen and thy- 
mus being the only exceptional general somatic sites. Ex- 
pression within the brain is robust from the earliest phases 
of cortical and nuclear histogenesis (from about El0 at 
least). It continues through late fetal and into early postna- 
tal life, but is largely terminated uring the second postna- 
tal week. Within the brain, it is expressed selectively in 
virtually all structures manifesting the reeler cell pattern 
or axon fasciculation pattern anomalies characteristic of 
the mutant. These are all forebrain cortical structures, the 
cerebellar cortex, the tectum, and several forebrain and 
axial nuclear structures. Within the developing cerebral 
neocortex and hippocampal cortex, the transcript local- 
izes uniquely to the earliest generated neurons. In neocor- 
tex these are the CajaI-Retzius cells, which are located in 
the outer marginal zone. In cerebellar cortex, localization 
pinpoints the granule cells, where expression is registered 
just as the cells undertake their migration inward across 
the molecular layer. In the cerebellum, reelin did not local- 
ize to the Bergmann gila; nor did it localize to the radial 
glial system of the cerebral wall. 
The investigations of Ogawa et al. (1995), complemen- 
tary to those of D'Arcangelo et ;~1. (1995) and Hirotsune 
et al. (1995), address more directUy the cellular distribution 
during development of what is pHausibly viewed to be the 
reelin protein. The strategy here was to develop a poly- 
clonal antibody in reeler homozygotes to inoculum pre- 
pared from normal animals. In these inbred strains of mice, 
normal and wild-type littermates might, in principal, differ 
by only a single protein: that produced in the normal animal 
by the gene at the reeler locus. Remarkably, the strategy 
worked. A polyclonal (anti-CR) achieved by this strategy 
provided the means for generating an antigen that then 
served to generate a monoclona! antibody (CR-50) to the 
presumed reelin protein. More or less, CR-50, like reelin 
transcripts, was found to map to those cortical and subcor- 
tical structures malformed in reeler. Consistent with local- 
izations with in situ hybridization of the reeler transcript, 
CR-50 in developing neocortex localizes uniquely to Ca- 
jaI-Retzius cells of the marginal zone (prospective cortical 
layer I) of the normal cortex. In ,accord with the inferred 
structural attributes of reelin, CR-50 localizes the antigen 
to the external surface of these cells. As noted earlier, 
these are large neurons that are among the first cortical 
neurons to be generated in the mammalian cerebral wall, 
and they are particularly prominent during corticogenesis 
in all mammalian species (Derer and Derer, 1990; Valverde 
et al., 1995), including humans (Kostovic and Rakic, 1990), 
as well as in the reeler mouse (Deter, 1992). It is a singular 
contribution of the analysis of Ogawa et al. (1995) that 
these investigators went beyond the antibody-based map- 
pings to an experimental inquiry into a histogenetic role 
of the antigen recognized by CR-50. Specifically, they 
sought in dissociation-reaggrega.tion cultures a potential 
effect of the antigen upon neuronal patterns of alignment. 
Their in vitro system was essentially that applied during 
the earliest phases of analysis of the reeler mutant by 
DeLong and Sidman (1970). The earlier finding had been 
that neurons dissociated from reeler were incapable of 
the histotypic patterns of reaggregation seen with neurons 
dissociated from neocortex of the normal embryo. Ogawa 
et al. likewise found regular patterns of radial alignment 
in aggregates of cortical neurons of normal genotype. Cul- 
tures of neurons of mutant genotype differed in that clus- 
tered cells, not radially aligned, were interspersed in the 
outer zone of the aggregate, which otherwise was not dis- 
similar from normal in alignment patterns. Critically, these 
investigators were able to transform the normal histotypic 
aggregate pattern to the mutant pattern by addition of CR- 
50 to the dissociated normal cells. 
A Summing Up for Now 
The observation that the gene is expressed in the first 
cells to complete their migration elevates confidence that 
reelin plays a critical role in regulating the final migratory 
phase of histogenesis. It underscores the possibility that 
conditions arising from the positional behavior of these 
earliest formed cells influences en cascade the course of 
all migratory events to follow. We remind ourselves that 
the spatial and temporal patterns of expression of tee/in 
mRNA do not point to the interaction between migrating 
neurons and the radial glial fiber migration guidance sys- 
tem as the attack point. Furthermore, the differential in 
vitro aggregation behavior of reeler and normal cells is 
obviously independent of the glial fiber system. Collec- 
tively, the set of observations invites the hypothesis that 
the molecular mechanisms related to the normal position- 
ing of neurons, which are disrupted by mutation in reeler, 
are mechanisms that act and even exist only within the 
cortical strata. These reelin-related mechanisms may not 
involve the radial glial fiber membrane at all or may be 
integral only to its terminal, intracortical segment. 
Thus, the spatial and temporal patterns of expression 
of reelin mRNA and binding patterns of CR-50 direct our 
attention to previously unsuspected cellular interactions 
critical to cortical histogenesis. The protein encoded by 
the wild-type gene at the reeler locus may in fact be indis- 
pensable to a specific mechanism of cell-cell interaction 
involved in the final stages of neuronal migration. This 
mechanism might be called into play only when ascending 
neurons must for the first time bypass postmigratory, dif- 
ferentiating neurons in order to achieve and themselves 
come to rest at the interface of the cortical plate and molec- 
ular layer. This mechanism might be only one of multiple 
mechanisms serving this last and critical maneuver of the 
migrating neuron. There is now abundant evidence that 
several classes of molecules, including membrane-bound 
heterotypic recognition molecules, several classes of ho- 
motypic adhesion molecules, ion channels/receptors, and 
intracellular cytoskeletal proteins may all be involved in 
the complex multifaceted processes necessary for the ini- 
tiation of migration, pathfinding along the way, locomotion 
itself, and, finally, the appointment of position with state 
change from migrating to differentiating neuron (reviewed 
in Rakic et al., 1994). It will be much to expect that the 
protein encoded by the reeler gene is indispensable to at 
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least one facet of this complex cellular odyssey. Now that 
the gene sequence and locus are in hand, investigative 
strategies currently in operation may attack such a possi- 
bility directly, e.g., by tracking histogenesis in vivo after 
double gene knockout or by transfection of the normal 
gene into defective cells in in vitro models of cell migration 
or aggregation. 
Molecular and cell biological explorations of the role of 
the reeler gene in normal cortical histogenesis now take 
their place in a widening strategy of analysis of normal 
and abnormal histogenesis. Mutations associated with 
consistent patterns of cortical malformation in man will 
figure preeminently in this strategy. Among these is the 
defective gene L/S1, recently mapped to chromosome 17 
in humans and responsible for the Miller-Dieker form of 
lissencephaly (smooth brain and disgenesis of layers). 
This gene, which has its homolog, Lisl, in mouse, is asso- 
ciated with disruption of neuronal migration across the 
cerebral wall. In contrast to the reelerdefect, this disruption 
occurs before rather than after entry of the migrating neu- 
ron into the developing cortical subplate (Reiner et al., 
1993). At the same time, the search goes forward for genes 
and molecules regulatory to corticogenesis and not yet 
recognized as targets of mutation: lamp (Levitt, 1994), 
PC34.1 (Arimatsu et al., 1992), astrotactin (Hatten and 
Heintz, 1995), and a novel polypeptide transient to radial 
glial cells (Cameron and Rakic, 1994). This broad intent 
extends also to investigations of the homeotic series of 
"master genes" as determinants of compartmental bound- 
aries or lineage assignment (e.g., Rubinstein et al., 1994; 
Bulfone et al., 1995) and to the use of transgenic manipula- 
tions to uncover genes of specific and limited regional 
jurisdiction (Cohen-Tannoudji et al., 1994). Overall, the 
intent of questions relating to mechanisms regulatory to 
cortical histogenesis has remained strongly familiar over 
the decades since our initial "View from Mutations in Mice" 
(Caviness and Rakic, 1978). The answers to these ques- 
tions are changing, and discoveies related to reeler will 
rapidly drive this change. 
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